Background--Onset of postoperative atrial fibrillation (POAF) is a common and costly complication of heart surgery despite major improvements in surgical technique and quality of patient care. The etiology of POAF, and the ability of clinicians to identify and therapeutically target high-risk patients, remains elusive.
S
ubstantial improvements in patient outcomes following cardiac surgery have occurred over the past decade due to developments in technology and quality of care. However, there are a number of significant and costly post-operative complications associated with cardiac surgery, including postoperative atrial fibrillation (POAF). Even with anti-arrhythmic therapy and improvements in myocardial protection, the incidence of POAF remains at 25% to 40%. 1 POAF typically occurs within the first 2 to 3 days after surgery and results in prolonged hospital length of stay. Patients with POAF have a doubled risk of cardiovascular mortality and a greater incidence of symptomatic hypotension, stroke, and other arrhythmias than patients without POAF. 2, 3 Findings from the Virginia Cardiac Surgery Quality Initiative, a state-wide cost analysis of all cardiac surgeries from 2004 to 2007, estimated that POAF increased total treatment costs by $12 000/ patient. Important gaps remain in understanding the etiology of POAF and why certain patients are more likely to have this complication. Systemic inflammation (generated primarily from extracorporeal circulation) and increased atrial reactive oxygen species (ROS) are believed to be causal factors. Both of these stressors potentially impair atrial contraction, disrupt myofibrillar energetics, and reduce the atrial effective refractory period. 4, 5 ROS-producing enzyme NADPH oxidase is upregulated 6, 7 and oxidative stress is more persistent 8 in patients with POAF than those that remain in sinus rhythm. The results of these studies support an association between ROS in human atrium and POAF.
Another factor contributing to POAF is the increased sympathetic tone and levels of circulating catecholamines following surgery. 9, 10 The importance of the association between circulating catecholamines and POAF is compounded by the intra-and post-operative use of high-dose catecholamines (eg, dopamine, dobutamine) as inotropic agents, a standard-of-care practice which continues despite the known association between inotropic support and POAF. 1, 11 The 2 primary enzymes responsible for metabolizing catecholamines are monoamine oxidase (MAO) and catechol O-methyltransferase (COMT). COMT is highly expressed in kidney and liver tissue, but expressed at low levels in the heart. 12 MAO, which is present in the outer mitochondrial membrane, is responsible for oxidative deamination of catecholamines (eg, epinephrines, dopamine, serotonin) and the generation of H 2 O 2 , NH 4 + , and reactive aldehydes. 13, 14 Furthermore, this enzyme is involved in mood disorders and is the target of several pharmaceutical agents (MAO inhibitors) acting on this pathway. Recently, increased MAO activity has been observed to play a causal role in cardiac dysfunction during pressure overload due to oxidative stress. 15, 16 In the current study, we sought to determine the overall contribution of MAO as a source of ROS in human myocardium. ROS generation by MAO, NADPH oxidase, and mitochondrial electron transport system (mito-ETS) was assessed in myocardial tissue dissected from right atrial appendage (RAA) obtained from patients undergoing cardiac surgery. Given the putative association between catecholamine overload, oxidative stress, and POAF, we hypothesized that MAO activity in the atrium and ROS produced by this enzyme may be associated with POAF. Additionally, we postulated that an association exists between POAF, myocardial glutathione (GSHt), and related enzymes GSHperoxidase (GPx) and GSH-reductase (GR), since this is the primary antioxidant system present in mammalian cells and tissues.
Methods

Patient Enrollment and Inclusion/Exclusion Criteria
Approval for this study was granted by the Institutional Review Board of the Brody School of Medicine at East Carolina University. A total of 244 patients undergoing primary, non-emergent coronary artery bypass graft (CABG) or CABG/valve surgery between January 2009 and December 2012 were enrolled. Patients with severely enlarged atria (>4.0 cm diameter), history of arrhythmia, prior cardiac surgery, left ventricular ejection fraction (LVEF) <30%, and history of anti-arrhythmic medication were excluded from this study.
Atrial Tissue Collection and Processing
Following median sternotomy, but prior to institution of cardiopulmonary bypass, a sample of the right atrial appendage (RAA) was resected and immediately rinsed in ice-cold Buffer X. 17 The sample was then blotted on gauze to remove excess buffer, trimmed of the epicardial layer, and frozen in liquid N 2 . This method ensured that all samples obtained were predominantly myocardium and rapidly processed and frozen (<90 seconds from time of removal) to minimize protein and mRNA degradation. In some cases viable atrial myocardium was transferred to the laboratory and used for preparation of permeabilized myofibers (PmFBs) and analysis of mitochondrial function.
Permeabilized Fiber Preparation
Portions of this technique have been described elsewhere, 17 but have been adapted for application in human cardiac muscle and for specific measurements made in this study. 
MAO and NADPH Oxidase Activity
Myocardial samples frozen in liquid N 2 were homogenized in 10X (wt./vol) TEE buffer containing (in mmol/L: 10 Tris base, 1 EDTA, 1 EGTA, and 0.5% Tween-20), using a glass grinder (Kimble Chase). All enzyme activity and glutathione assays were performed on the same day as the protein extraction. We have empirically determined that glutathione and enzyme activity must be assessed immediately in protein extractions to obtain accurate results, and that freezing samples or keeping them at 4°C overnight will cause dramatic loss of content and activity. H 2 O 2 generation from MAO and NADPH oxidase was determined in real time by continuous monitoring of Amplex Red oxidation in presence of horseradish peroxidase (1 U/mL) and superoxide dismutase (25 U/mL) using a spectrofluorometer (Horiba Jobin Yvon) equipped with a thermo-jacketed cuvette chamber maintained at 37°C. MAO activity was determined by continuous monitoring of clorgyline-sensitive H 2 O 2 production supported by 1 mmol/L Tyramine or 2 lmol/L Norepinephrine, as previously described. 22 NADPH oxidase activity was determined by continuous monitoring of apocynin-sensitive H 2 O 2 production supported by 0.5 mmol/L NADPH. 23 GSHt, GPx, and GR Activity
All enzyme activity and glutathione assays were performed on the same day as the protein extraction. Total glutathione measurements were performed as described previously 24,25 using a modified Tietze method. 26 GR activity in myocardial tissue was measured in TEE buffer containing 1 mmol/L GSSG and 0.5 mmol/L NADPH, where activity was calculated from the linear decrease in NADPH absorbance with time. 27 Glutathione peroxidase (GPx) activity was determined in TEE buffer containing 1 mmol/ L GSH, 100 mU/mL glutathione reductase enzyme, 0.5 mmol/L NADPH. The reaction is initiated with a nominal amount of tert-Butyl-Hydroperoxide and the activity of GPx was calculated from the linear decrease in NADPH absorbance with time. 28 
Determination of POAF
Postoperatively, patients' heart rate and rhythm were continuously monitored with telemetry until discharge. POAF was defined by a sustained episode of atrial fibrillation lasting ≥1 minute, or for any length of time requiring intervention for hemodynamic compromise.
Statistical Analysis
Categorical variables were reported as frequency and percentage while continuous variables were reported as meanAEstandard deviation, median, and interquartile range.
Variables not previously categorized were divided into quartiles prior to statistical analysis. Quartile categorization is advantageous because it limits the influence of outliers and allows for the assessment of trend across categories. Statistical significance of group comparisons for categorical variables was determined using Fisher exact and chisquare (v 2 ) procedures and for continuous variables was determined using the Deuchler-Wilcoxon method. Relative risk and 95% confidence intervals were computed using logbinomial or robust Poisson regression. P values for trend were computed using a likelihood ratio test (or score test when convergence was not achieved). Assays were performed using a missing by design sampling strategy. The iterative expectation-maximization (EM) algorithm was used to impute missing values. 
Results
Analysis of Major ROS Sources in Human Atrial Myocardium
An assessment of 3 major ROS sources in atrial myocardium was performed from RAA biopsies of 12 individual patients (demographic and clinical characteristics of these 12 patients is provided in Table 1 ). Rates of H 2 O 2 production in the myocardial tissue homogenate was confirmed to be derived from MAO and NADPH oxidase based on the sensitivity to their inhibitors clorgyline and apocynin, respectively (Figure 1A) . H 2 O 2 production derived from the mito-ETS was driven by oxidation of substrates as they were individually titrated into the respiration medium containing the PmFBs ( Figure 1A) . Total rates of H 2 O 2 production from these 3 sources were individually quantified and combined within each of the 12 patients ( Figure 1B) . The rate of H 2 O 2 originating from mito-ETS was determined to be at least 10-fold lower than either MAO or NADPH oxidase alone. As previously reported by our group, diabetic patients had significantly higher rates of H 2 O 2 from mito-ETS compared with non-diabetic patients.
20,21
Patient Characteristics, Biochemical Markers, and Relationship to POAF A total of 80 (33%) patients developed POAF. Patients with POAF were older and presented more frequently with hypertension than those without POAF (Table 2) . Additionally, they experienced longer CPBT. Mean MAO levels were significantly higher among patients with POAF (P<0.0001) and a linear trend across quartile levels was observed (P trend <0.0001), with the incidence of POAF being the highest in quartile 4 compared with quartile 1 (Figure 2 
Discussion
Several reports have documented the inverse association of POAF and b-blocker use, illustrating the underlying etiologic role of catecholamines and excessive sympathetic discharge. 37, 38 Others have used prophylactic amiodarone, 39 sotalol, 40 magnesium, 41 and statins, 42 all of which were successful at reducing the incidence of POAF to varying degrees; however, all patients were treated regardless of POAF status. These studies illustrate the importance of investigating biological factors that may predispose patients to POAF. The findings of this study demonstrate for the first time that MAO is a major source of ROS in human atrial myocardium, and its activity varies across a 50-fold range among patients. It also provides evidence that atrial MAO activity serves as an independent predictor of POAF and lends further support to the current theory that redox imbalance (ie, oxidative stress) in atrial myocardium is a significant factor in the etiology of POAF, particularly with respect to our 
myocardial GSHt-related data. Furthermore, the results collectively integrate a number of perioperative factors known to contribute to the etiology of POAF (eg, catecholamine overload and oxidative stress). Investigation into the etiology of POAF has largely focused on systemic inflammation and oxidative stress in the postoperative period. Redox modifications of ion channels and proteins have been observed to directly impact cardiomyocyte electrical 43, 44 and mechanical 45 function and has been implicated in the early stages of electrical remodeling which accompanies the onset of AF. 46 Inflammation is interconnected with myocardial oxidative stress. 4, 5 Circulating cytokines and electrophilic lipids increase strain on antioxidant mechanisms in cardiomyocytes, a system already burdened with buffering oxidants originating from endogenous sources (eg, MAO, NADPH oxidase, and mitochondria) (Figure 1 ). The most important buffer of ROS in mammalian cells and tissue is GSH, which is converted to its oxidized form (GSSG) by GPx in the presence of hydroperoxides, and recycled back to its reduced form by NADPH-dependent GR. The GSH/GSSG (reduced/oxidized) redox couple is considered to be the key indicator of cellular redox environment. 47 Also important to cellular/tissue redox environment is total amount of GSH (GSHt), defined as the additive amount of free GSH and GSSG. A decrease in GSHt potentially increases a cell's susceptibility to the adverse outcomes associated with oxidative stress (eg, oxidative modifications of proteins, lipids, and DNA).
Our findings that GSHt and GPx are inversely correlated with POAF ( Figures 3 and 4) suggests that a greater antioxidant capacity should lead to lower incidence of POAF because of a greater buffering of ROS during the postoperative period. Clinical trials have shown that anti-inflammatory/antioxidant therapies lead to a decreased incidence of POAF. 48, 49 For example, preoperative n-3 polyunsaturated fatty acids (PUFAs) and concentrated antioxidant supplementation have been observed to enhance anti-inflammatory/antioxidant capacity in atrial myocardium at the cellular level. 50 A follow-up clinical trial with this therapy led to a substantial decrease in POAF. 51 Use of n-3 PUFAs alone as prophylactic therapy to mitigate incidence of POAF has led to mixed results. For example, the omega-3 fatty acids for prevention of postoperative atrial fibrillation (OPERA) trial showed that a very high dose (8 to 10 g/day) of n-3 PUFAs for 2 to 3 days preoperatively did not reduce the incidence of POAF. 52 Nevertheless, use of n-3 PUFAs as prophylactic therapy for arrhythmia and other cardiovascular diseases remains a viable therapeutic option due to the pleiotropic, beneficial effects of these fatty acids in the heart. Mitochondria, as a consequence of their intracellular volume and density, are considered the predominant source of intracellular ROS in myocardium. 53 However, the total ROS that escapes (ie, ROS emission) from the mitochondria is minimized by the reducing environment within the matrix of this organelle in addition to its redox enzyme network. This potentially explains our observation that H 2 O 2 originating from mito-ETS was markedly lower than from either MAO or NADPH oxidase alone (Figure 1 ). ROS derived from NADPH oxidase in atrial myocardium, and downstream ROS (eg, peroxynitrite and reactive aldehydes) have been shown to be significantly correlated with POAF. 6, 7 Our findings further support the clinical importance of ROS-generating enzymes in atrial tissue and provide novel evidence that ROS derived from MAO may be a key determinant of myocardial redox balance in the postoperative period. 
Tests of statistical significance (chi-square for categorical variables, Deuchler-Wilcoxon for continuous variables). ACEI indicates angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CAD, coronary artery disease; CI, confidence interval; COPD, chronic obstructive pulmonary disease; CPBT, cardiopulmonary bypass time; GPX, glutathione peroxidase; GR, glutathione reductase; GSHt, total glutathione; HF, heart failure; IQR, interquartile range; MAO, monoamine oxidase; MI, myocardial infarction; POAF, postoperative atrial fibrillation; POSR, postoperative sinus rhythm; Q1, first quartile; Q2, second quartile; Q3, third quartile; Q4, fourth quartile; RR, relative risk; SD, standard deviation. *Missing values imputed using EM algorithm (n=10 simulations).
While MAO is an enzyme physically tethered to the outer mitochondrial membrane, MAO-derived ROS typically is not considered to be "mitochondrial ROS." Our findings support a paradigm shift in the way this enzyme is viewed within the context of cellular redox balance. The wide range in MAO activity (%50-fold) across patients is a significant feature of our findings (Figure 2) . Theoretically, the expression and activity of cardiac MAO should reflect sympathetic tone; however, there is considerable variation in promoter activity and transcriptional control of MAO genes in humans. 56 This may explain the underlying variation in enzyme activity seen in our patient cohort. Conceivably, high levels of catecholamines in the postoperative period may lead to increased concentrations inside cardiomyocytes by neuronal monoamine transporters in the sarcolemmal membrane. 12 Thus, in patients where MAO activity is high (Q3 and Q4, Figure 2 ), MAOderived ROS may in turn be increased, leading to oxidative stress and potentially triggering POAF. In the remodeled myocardium, where fibrosis and altered ion channel expression are present, oxidative stress and inflammation only comprise a portion of the arrhythmogenic substrate. Accordingly, Total GSH (GSHt) in atrial myocardium and incidence of POAF. Data shown in this figure is GSHt for the entire cohort of patients recruited for this study. Quartiles of pooled data were generated, and univariable analysis performed with POAF as the outcome variable using Poisson regression. Each quartile is delineated with color shading to illustrate the risk of POAF within that particular quartile (Red=>40%, Yellow=15% to 30%, Orange=30% to 40%). Within each quartile, POAF incidence=num-ber of patients in that particular quartile experiencing POAF. RR=relative risk, with 95% confidence interval (CI). GSHt indicates total glutathione; POAF, post-operative atrial fibrillation.
therapeutic strategies to mitigate POAF need to account for all of these possibilities. Our study is strengthened by its prospective and systematic data collection. Additionally, biomarkers were obtained from myocardial tissue and reflect local cardiac versus serum levels. However, several limitations should be noted. Only the right atrial myocardium was collected in this study, and this may not be the best anatomic site to represent cardiac remodeling and oxidative stress pathways in the heart, given the known importance of the left atrium as a site of arrhythmogenesis. Moreover, studies have shown that as the pathology of AF progresses, a gradient of cardiac remodeling occurs starting in the left atrium and ending in the right atrium. 57 The temporality and spatial heterogeneity of this remodeling may be missed by capturing only the right atrium. However, because this patient cohort did not have any history of arrhythmia or cardiac surgery, it is unlikely that any remodeling that may exist is due to atrial arrhythmia. Saturating concentrations of substrate (eg, Tyramine, NADPH, glutamate, etc) were used to measure enzyme activities in our assays. This rarely exists in vivo. However, the use of saturating substrate concentration was appropriate because the objective was to compare the maximal capacity for ROS generation and scavenging from myocardial enzymes.
Biopsies were obtained at a single point in time; therefore it was not possible to determine the temporality of biomarker levels. Limited longitudinal information was available in our dataset. We were unable to determine the dose, duration, and frequency of b-blocker use prior to surgery for each patient. Furthermore, our sample size was small and residual confounding may have been present.
In conclusion, our study suggests that MAO is a major ROS source in human atrial myocardium and is an important biomarker for POAF, providing clinicians with the ability to predict which patients are predisposed to this postoperative complication. Advanced knowledge of POAF risk will enable appropriate prophylactic treatment to be initiated at the time of surgery, potentially leading to reduced hospital stay and healthcare costs associated with this complication. Additional investigation is needed to elucidate the role of MAO in arrhythmogenesis and to validate our findings in other populations and disease processes. ) is GPx activity and (C) GR activity for the entire cohort of patients recruited for this study. Quartiles of pooled data were generated, and univariable analysis performed with POAF as the outcome variable using Poisson regression. Each quartile is delineated with color shading to illustrate the risk of POAF within that particular quartile (Red=>40%, Yellow=15% to 30%, Orange=30% to 40%). Within each quartile, POAF incidence=num-ber of patients in that particular quartile experiencing POAF. RR=relative risk, with 95% confidence interval (CI). GPx indicates GSH-peroxidase; GR, GSH-reductase; GSH, glutathione; GSSG, oxidized glutathione; POAF, post-operative atrial fibrillation.
